We sought to determine whether sustained poverty is associated with change in body mass index (BMI, calculated as weight (kg)/height (m) 2 ) among 4,762 black and white adults from the Coronary Artery Risk Development in Young Adults study. Household income in the prior year and current BMI were measured at 7 visits between 1990 and 2015. Sustained poverty was the proportion of visits during which household income was below 200% of the federal poverty level (range, 0%-100%). Sustained poverty and BMI were time-updated. Mean age in 1990 was 30 years. In adjusted linear mixedeffects models, every 10% increase in sustained poverty was significantly associated with faster BMI growth among white men (0.004/year, 95% CI: 0.001, 0.008) and white women (0.003/year, 95% CI: 0.000, 0.006), and slower BMI growth among black men (−0.008/year, 95% CI: −0.010, −0.005) and black women (−0.003/year, 95% CI: −0.006, 0.000). In other words, being always versus never in poverty from 1990 to 2015 was predicted to result in greater BMI gain by 1.00 unit and 0.75 units among white men and women and less BMI gain by 2.0 units and 0.75 units among black men and women, respectively. Sustained poverty was a predictor of changes in BMI with differential associations according to race.
Obesity is a major public health issue and a leading contributor to cardiovascular disease morbidity, mortality, and increased healthcare costs (1) (2) (3) . About 38% of the US adult population is currently obese (4) , with obesity disproportionately affecting minorities and populations with fewer economic resources or living in poverty (5) . While the cross-sectional association between low income or poverty and body mass index (BMI) has been extensively explored (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) , findings have been mixed and inconsistent across studies and across sex and racial groups. For example, among women (8) , particularly white women, low income is consistently associated with higher rates of obesity (5) . This pattern is less consistent among black women (15) and white men (5) . On the other hand, among black men, low income has been shown to have an inverse relationship with obesity (5) .
Past studies that have assessed the relationship between income or poverty and changes in BMI have done so at only few time points (16, 17) -repeated measures of socioeconomic status over longer periods of time are seldom available (18) (19) (20) (21) . Furthermore, to our knowledge, none have explored the association of cumulative or sustained exposure to low income. Yet income has a dynamic nature (22, 23) , especially going from young adulthood into midlife. Thus, consideration of sustained exposure to poverty is important because it captures changes in poverty status, and because sustained rather than momentary exposure to poverty may better capture the accumulation of risk associated with poverty. Similarly, BMI changes with age and likely in a curvilinear fashion. Because both income and BMI change through the life course, it is of interest to determine the nature of their association when both income and BMI are assessed long-term, repeatedly, and with appropriate consideration for temporality. The latter is particularly important because reverse causation has long been recognized as a potential threat to causal inference in observational studies of socioeconomic status and health. For example, it has been suggested that the association between income and BMI may in part be due to downward social drift (24)-meaning that being overweight or obese results in a loss of earned income (25)-particularly for women (24, 26) .
We aimed to overcome some of the limitations in the previous literature by using data from a large, ongoing cohort of black and white adult men and women in the Coronary Artery Risk Development in Young Adults (CARDIA) study. Both household income during the past 12 months and current BMI (thus naturally lagged) were repeatedly measured between 1990 and 2015 at a total of 7 time points. We conceptualized income/ poverty and BMI with a clear life-course framework (i.e., by capturing cumulative rather than momentary exposure to poverty and by updating this cumulative measure at each time point over 25 years). The goals of this study were 2-fold: to examine the longitudinal association between time-updated sustained poverty and changes in BMI from 1990 to 2015, and to rule out reverse causation as a sole explanation of the findings. Income and BMI are rarely characterized together with such a clear life-course framework; by doing so, this study can provide a deeper understanding for their longitudinal relationship.
METHODS

Study population
CARDIA is an ongoing longitudinal cohort study that enrolled 5,114 participants aged 18-30 years in 1985-86 from 4 field centers: the University of Alabama at Birmingham (Birmingham, Alabama), the University of Minnesota (Minneapolis, Minnesota), Northwestern University (Chicago, Illinois), and Kaiser Permanente (Oakland, California). Recruitment was balanced within center according to sex, age, and education. Individuals were asked to participate at baseline and were reexamined in 1987, 1990, 1992, 1995, 2000, 2005, 2010 , and 2015. Standardized protocols were used to gather demographic, social, and clinical data for each follow-up visit. Details of the study have been described elsewhere (27) . Appropriate informed consent was obtained from each study participant. The study was approved by the institutional review boards from each field center and the coordinating center.
Measurement of sustained poverty
Income data were collected in 1990, 1992, 1995, 2000, 2005, 2010 , and 2015. At these examinations, pretax household income for the past 12 months from all sources was self-reported and recorded in income categories. Thus income in past year was naturally lagged from the outcome variable (current BMI). The income-category midpoint was chosen as the participant's income for that year (see Appendix Table 1 ). Using incomecategory midpoint and family size at each examination period, Census Bureau federal poverty level thresholds (28) were used to identify whether participants' income was less than 200% of the federal poverty level for that year. Having an income <200% of the federal poverty level was defined as being in poverty for that year/study visit (29 At each visit, sustained poverty was then defined as the proportion of visits that a participant was living in poverty between 1990 (our study baseline) and that visit. Sustained poverty (i.e., proportion of total visits in poverty) was updated at successive visits and thus treated as a time-varying exposure variable. At any study visit, sustained poverty ranged from 0 (never in poverty) to 1 (in poverty at all previous visits).
Measurement of BMI and other covariates
At each examination between 1990 and 2015, participants' height and weight were measured while wearing light clothes and no shoes. BMI was calculated as weight(kg)/height (m) 2 . If a woman reported being pregnant, her BMI was set to missing. CARDIA participants reported their sex, race, marital status, years of education completed, and the years of education their parents completed. Highest level of education from either parent was used. Smoking status (defined as never, current, or former) and physical activity were ascertained by interview at each study examination. Total amount of exercise in units was calculated using reports of the amount of time per week spent in 13 categories of physical activity over the prior year. Symptoms of depression were assessed using the 20-item Center for Epidemiologic Studies-Depression Scale (range, 0-60) (30) at examinations in 1990, 1995, 2005, 2010 , and 2015. Because depression was not assessed at each time point, previously published statistical techniques (31) were followed to calculate a time-weighted average of depressive symptoms over the study period to be used in the models.
Analytical sample exclusions
Of the 5,114 CARDIA participants, 1,978 (38.7%) had complete contemporaneous measurements of both income and BMI at all 7 study visits between 1990 and 2015; 2,839 participants (55.5%) had at least 6 complete contemporaneous measurements; and 3,815 participants (74.6%) had at least 4 complete contemporaneous measurements. To be included in the present study, participants had to have at least 1 complete contemporaneous measurement of income and BMI; 4,762 (or 93.1%) participants met this criterion and were included in the analytical sample. Those included versus excluded did not differ significantly with respect to age, sex, BMI, or education but did differ according to race (P < 0.05): 5% of white versus 10% of black participants were excluded in the final analytical sample (data not shown).
Statistical analysis
Differences in baseline characteristics of the study population were assessed overall and according to exposure to poverty (comparing those never vs. ever in poverty over 25 years). Differences in means and proportions in baseline characteristics were tested using t tests and χ 2 tests respectively. The distribution of sustained poverty from 1990 to 2015 was illustrated across sex and racial groups.
To examine the longitudinal association, linear mixed-effects growth models with random intercepts were used to estimate the associations between a 10% increase in sustained poverty and BMI growth rate over the 25-year period. By using a random intercept, we allowed initial BMI to vary between individuals. Random slopes were not added to the models; they did not improve model fit. The data structure included year 1990 (baseline) and 6 follow-up time points through 2015. Participants' BMI was treated as a time-dependent outcome, and thus the model estimated BMI as a function of time. Time was operationalized as calendar years of the study (from 1990 to 2015), and the regression coefficient for year was interpreted as BMI rate of change per year.
To determine the association between sustained poverty and BMI growth, a sustained poverty × time interaction term was included in all models. A quadratic term for time (year 2 ), which measured whether BMI growth leveled off over time, and a sustained poverty × quadratic time interaction term were tested and retained in the models if significant. A 4-way interaction between sustained poverty, time, sex, and race was tested in a model that included all lower-level interactions, to determine whether the relationship between sustained poverty and BMI growth varied according to sex and race. The interaction was significant (P = 0.03), and thus all subsequent models were stratified by sex and race. Crude models (model 1) were presented along with models adjusting for sociodemographic confounders (model 2), including baseline age, education, parental education, time-dependent marital status, and study site. We also considered a third model, additionally adjusting for behavioral characteristics including smoking, depressive symptoms, and physical activity, which we hypothesized were confounders and potentially partial mediators (i.e., poverty may influence smoking status, depressive symptoms, or physical activity-all 3 of which may influence changes in BMI). Using the fully adjusted estimates (model 3), we illustrated the 25-year trajectories of BMI across different levels of sustained poverty (never in poverty or 0%, in poverty 50% of visits, and always in poverty or 100%).
To address the possibility of reverse causation (i.e., that obesity results in loss of income and consequently poverty), we repeated the multivariable analysis in a sample restricted to those not overweight or obese at baseline. To do that, we excluded 2,072 people who in 1990 had a BMI ≥25. The rationale was that participants who were not overweight or obese at baseline (i.e., those retained in the restricted sample) were less likely to experience social drift, and thus any observed positive association between poverty and BMI in the restricted sample of 2,690 participants would be less likely due to reverse causation. Reverse causation would imply that any positive association observed in the full sample would become null or attenuated in the restricted sample. All analyses were performed with R (R Foundation for Statistical Computing, Vienna, Austria) and SAS, version 9.3 (SAS Institute, Inc., Cary, North Carolina). Significance testing was 2-sided at an α of 0.05 and 0.10 for interactions.
RESULTS
Mean age at baseline in 1990 was 30.0 years old, 54.9% were women, and 50.6% were black (Table 1) . Those in poverty at least once between years 1990 and 2015 were more likely to be Abbreviations: CES-D, Center for Epidemiologic Studies-Depression Scale; SD, standard deviation. a Means differed across poverty groups using t tests (P < 0.01). b Proportions differed across poverty groups using χ 2 tests (P < 0.01).
women, black, have lower mean years of education, and lower mean parental education compared with those never in poverty. Compared with individuals never in poverty, those in poverty at least once were less physically active and had a higher number of depressive symptoms at baseline. The distribution of sustained poverty (i.e., proportion of visits in poverty) between years 1990 and 2015 is displayed in Figure 1 , according to sex and race. Black participants (men and women) were more likely to always be in poverty (i.e., sustained poverty of 1) and less likely to have never been in poverty (i.e., sustained poverty of 0) compared with white participants.
At baseline in 1990, being in poverty versus not was not crosssectionally associated with BMI among white men (25.7 vs. 25.6; P = 0.68) but was associated with lower mean BMI among black men (25.9 vs. 26.8; P < 0.01) and with higher mean BMI among white women (25.4 vs. 24.1; P < 0.01). There was no crosssectional association among black women (28.5 vs. 27.9; P = 0.19) (data not shown).
Among white men (Table 2, confidence interval (CI): 0.20, 0.26; P < 0.01). The quadratic term was significant but negative, indicating slowing of BMI growth (−0.004, 95% CI: −0.005, −0.002; P < 0.01). A 10% increase in sustained poverty was associated with faster BMI growth (0.004, 95% CI: 0.001, 0.008; P = 0.01). For example, a white man always versus never in poverty from 1990 to 2015 was predicted to have an additional BMI increase of 1.00 unit. Estimates from the sample restricted to those not overweight or obese at baseline were less precise but comparable to those from the full sample.
Among black men (Table 2 , model 3), fully adjusted results from linear mixed-effects models showed that BMI increased each year, with a positive linear term of 0.33 units per year (95% CI: 0.29, 0.36; P < 0.01). The quadratic term was negative, indicating a slowing of BMI growth (−0.006, 95% CI: −0.007, −0.004; P < 0.01). A 10% increase in sustained poverty was associated with a slower BMI growth (−0.008, 95% CI: −0.010, −0.005; P < 0.01). For example, a black man always versus never in poverty from 1990 to 2015 was predicted to have 2-unit lower BMI growth. Estimates from the sample restricted to those not overweight or obese at baseline were comparable to those from the full sample.
Among white women (Table 3 , model 3), fully adjusted results from linear mixed-effects models showed that BMI increased each year, with a positive linear term of 0.26 units per year (95% CI: 0.23, 0.29; P < 0.01). The quadratic term was negative, indicating a slowing of BMI growth (−0.004, 95% CI: −0.005, −0.002; P < 0.01). A 10% increase in sustained poverty was associated with faster BMI growth (0.003, 95% CI: 0.000, 0.006; P = 0.07). For example, a white woman always versus never in poverty from 1990 to 2015 was predicted to have an additional BMI increase of 0.75 units. In the analysis restricted to those not overweight or obese at baseline, the association between sustained poverty and faster BMI growth was strengthened.
Among black women (Table 3 , model 3), fully adjusted results from linear mixed-effects models showed that BMI increased each year, with a positive linear term of 0.43 units per year (95% CI: 0.39, 0.47; P < 0.01). The quadratic term was negative, indicating a slowing of BMI growth (−0.009, 95% CI: −0.010, −0.007; P < 0.01). A 10% increase in sustained poverty was associated with slower BMI growth (−0.003, 95% CI: −0.006, 0.000; P = 0.03). For example, a black woman always versus never in poverty from 1990 to 2015 was predicted to have 0.75-unit lower BMI growth. In the analysis restricted to those not overweight or obese at baseline, sustained poverty was no longer associated with BMI growth. Figure 2 displays BMI trajectories from 1990 to 2015 at various levels of sustained poverty (never in poverty, in poverty at 50% of visits, and always in poverty). Trajectories are based on the fully adjusted results from model 3 shown in Tables 2 and 3 .
DISCUSSION
In our study, between 1990 and 2015, BMI increased in a curvilinear fashion in all sex-racial groups. Our longitudinal findings showed that the association of sustained poverty with BMI growth varied across sex and race. Greater sustained poverty was associated with faster BMI growth among white men and women (an additional 0.75 and 1.00 BMI units gained over 25 years for those always in poverty vs. never in poverty, respectively) and with slower BMI growth among black men and women (2.0 and 0.75 less BMI units gained over 25 years for those always in poverty vs. never in poverty, respectively). We found little evidence of reverse causation-our main findings were mostly comparable in the sample restricted to those not overweight or obese at baseline. Taken together, our findings suggested that sustained poverty was a modest predictor of changes in BMI over the recent 2 decades in young to middle-aged adults. Additionally, the differential association across race and sex highlights that a uniform, one-size-fits-all approach in describing the associations between poverty/low income and obesity may fail to accurately characterize this nuanced association.
Similar to other studies (5, 13), among white men we found that poverty was not associated with BMI cross-sectionally, Tables 2 and 3 ). Models adjusted for age, education, marital status, highest level of parental education, study site, smoking status, physical activity exercise units, and Center for Epidemiologic Studies-Depression (CES-D) score. Predicted BMI trajectories are shown at the following levels of time-dependent sustained poverty: never in poverty, in poverty 50% of visits, and always in poverty. Other covariates used in the models were set to the following levels: age 40 years, 14.88 years of education, 13.8 years of parental education, 25% likelihood of being at each study site, a 47% likelihood of being married, 60% never smokers, 18% current smokers, 22% never smokers, with an average of 347 exercise units and a time-weighted average CES-D score of 11. Light gray lines represent "never in poverty," medium gray lines represent "in poverty 50% of visits," and black lines represent "always in poverty." Solid lines pertain to the full sample, while dashed lines pertain to the restricted sample (BMI <25) in 1990.
although we did find a positive, albeit weak, longitudinal association. Results from repeated National Health and Nutrition Examination Survey (NHANES) assessments during 1971-2002 showed a gradient between income and BMI among white men, which was positive at lower income levels and, similar to our findings, was slightly inverse at higher incomes of more recent NHANES waves (32) . Our results showing only modest positive associations between poverty and BMI growth during a recent time frame are in line with these prior findings as well as results from NHANES 2005 NHANES -2008 showing no clear crosssectional poverty-to-BMI pattern among white men (5) . Among black men, the cross-sectional and longitudinal associations were also consistent with prior research showing an inverse association between poverty and BMI (i.e., protective) (5, 13, 32) and, more specifically, that black men at higher versus lower income distributions experience larger gains in BMI (32) . Perhaps most notable, and previously documented from cross-sectional NHANES studies (5) , is the clear differential association between poverty and BMI among men according to race. It has been hypothesized that men in poverty are more likely to engage in occupations that are physically demanding and energy consuming (32) , which could help explain the findings among black men. Further, food insecurity has been shown to be more common among poor blacks versus poor whites (33) , offering a potential mechanistic explanation of the inverse association among black but not white men. However, further research is certainly warranted to corroborate our results and determine underlying pathways that can explain the differential associations.
Women, on the other hand, have been shown to be more susceptible to the obesogenic force of poverty than men (34) . In a repeated cross-sectional study of Finnish adults aged 25-64 years, high income was associated with lower BMI among women (35) . Similarly, data from NHANES showed strong inverse associations between income and BMI among white women at all examination periods (32) . Consistent with prior literature, our findings, which used repeated income and BMI measurements, showed an inverse association between poverty and BMI. It is suggested that among white women, poverty and obesity may be mutually reinforcing due to the stigma that often accompanies being overweight or obese (24, 36, 37) . In fact, white women experience income penalties for just being mildly overweight (26, 36) , and overweight/obese white women report more weight-based discrimination than do overweight/obese black women or men (38) . However, we found no evidence of reverse causation among white women; our main findings were strengthened in analyses restricted to those not overweight or obese at baseline.
Among black women, the association between income, or other indicators of socioeconomic status, and obesity has been less consistent than among white women (5, 32, 39) . Findings from NHANES have shown that among black women, lower income was associated with slower BMI growth (32) . Yet, findings from other studies (15, 39) , such as the Study of Women's Health Across the Nation showed no associations among black women. Our results were consistent with both studies; sustained poverty was associated with slower BMI growth, a result that became null once the sample was restricted to those not obese at baseline. Similar to the results among men, directionality of the associations between white and black women also differed. It has been hypothesized that such race differences may be attributed in part to differences in standards of ideal body image (32) . For example, compared with black women, white women report more stigma related to being overweight or obese (40, 41) . However, whether white women are more likely to deploy socioeconomic resources to prevent weight gain remains speculative and warrants further investigation.
Pathways traditionally cited as underlying the relationship between poverty and health include low income being associated with unhealthy behaviors (42) (43) (44) , limited access to resources (45) , inadequate living environments (such as limited access to recreational facilities (43) and limited access to high quality foods (46) (47) (48) (49) ), and greater exposure to stress-inducing mechanisms (50) (51) (52) (53) . However, such general pathways cannot explain the inverse association found among black participants and call for more a more nuanced approach. Furthermore, while BMI often increases with age, the steep and substantial BMI growth experienced by all sex and racial groups over the 25-year period may also be a reflection of the obesity epidemic, although the present analysis could not distinguish between these age and period effects. Likewise, we could not determine whether the quadratic trend, indicative of a slowdown in the obesity growth rate (a finding described in other studies (54, 55) ), reflects a natural BMI trajectory ceiling effect or is the consequence of public health initiatives such as obesity reduction initiatives (56) . However, recent findings from NHANES show that the prevalence of obesity has increased continuously among women without a slowdown (4), warranting further investigation of BMI and obesity trends over time.
This study has some additional limitations that are worth noting. Despite our cohort being relatively young, BMI differences according to baseline poverty status were already established, and mean BMI was already high, especially among black women. Thus, the extent of BMI growth could not be fully captured. Additionally, income was recorded as a range rather than actual income, although this would likely result in a nondifferential bias if any. Finally, while time was operationalized as calendar years, we acknowledge that calendar years may not coincide exactly with the date of each participant's assessment and anticipate that some assessments may have occurred earlier while others occurred later. However, it is unlikely that there were any systematic differences in the timing of the assessments versus calendar years.
Despite such limitations, this study has several strengths. The prospective design of our study with the clear temporality between BMI and income allowed us to more accurately characterize their longitudinal relationship, and thus it builds upon previous literature that is primarily cross-sectional. Additionally, our findings rely on repeated measurements of income and BMI over 25 years going from young adulthood into midlife, which allowed us to uniquely characterize exposure to poverty as a cumulative timeupdated measure. The biracial nature of the cohort also allowed us to examine the associations across racial and sex groups. Finally, our results were robust to analyses aimed at ruling out reverse causation/social drift as a sole explanation-although we acknowledge that BMI is not naturally a dichotomous construct and thus nonoverweight or nonobese individuals may have still experienced weight-related discrimination that may have influenced their income, which we could not account for in this analysis.
In conclusion, between 1990 and 2015, increased sustained poverty was associated with faster BMI growth among white men and women and with slower BMI growth among black men and women, results that could not be explained entirely by reverse causation (i.e., higher BMI resulting in low income). Although modest, these results do provide further evidence supporting a link between poverty and changes in BMI. Additionally, the present findings emphasize stark differences in both directionality and size of association by sex and race. Such results underscore a need for more research aimed at elucidating the mechanisms underlying the complex relationships between poverty and BMI across different race and sex groups.
